Abstract: A routing device with N /2 2 × 2 optical cross-connectors (OXCs) is based on a pair of N × N cyclic array waveguide gratings (AWGs) and multiple tunable fiber Bragg gratings (FBGs) to realize the dense wavelength-division multiplex (DWDM) channel configuration. A free spectral range (FSR) in the N × N cyclic AWG is N channel spacing between two adjacent DWDM channels for each port pair. Planning every two-port pairs of the AWG is to effectively allocate the FSR for allowing the input of N /2 separates the groups of DWDM channels. In this way, the DWDM channels in N /2 groups can be demultiplexed into output ports of the AWG with intervals of two channel spacings. A multiple tunable FBGs can be used to reflect the DWDM channels into one output port of the 2 × 2 OXC or be tuned into the interval of the FSR to make the DWDM channels pass through directly into the other output port. As a result, the proposed routing device costs little and offers more flexible scalability in a dynamic DWDM network.
Introduction
With today's fast growing network applications, more and more bandwidth is required. Dense wavelength division multiplexing (DWDM) technology is a way of supporting greater bandwidth for core layer networks. However, there is a routing issue in carrying messages from any pair of the source to the destination node in the DWDM mesh network. The generalized multi-protocol label switching (GMPLS) addresses a scheme [1] - [3] , which treats the DWDM channels as the label address that allows a light-path to be dynamically established through a wavelength routing devicex that links all the intermediate nodes with the same wavelength label. Therefore, the routing device helps the network administrator to control the light-path management in the dynamic DWDM network. The two kinds of routing device applied to configure the DWDM channels in the GMPLS network are a reconfigurable optical add-drop multiplexer (ROADM) [4] - [7] and an optical cross-connector (OXC). A simple routing device is a pair formed by a demultiplexer (DEMUX) and a multiplexer (MUX), with optical switches (OSWs) to implement the add-drop function in the traditional DWDM network. However, the whole configuration bandwidth depends on the size of the DEMUX/MUX in the DWDM network. The DWDM network cannot promise to propagate the extra available bandwidth that are out of the configuration bandwidth of the routing device. Using fiber Bragg grating (FBG) is another way to construct the routing device [8] - [10] to allow the extended DWDM channels to pass through directly. The FBG is a spectral filter [11] . When a broadband light is input into an FBG, the wavelength corresponding to the Bragg condition is reflected back and the other transmitted spectrum passes through the FBG. However, it is not easy to tune the central wavelength of FBG away from all the DWDM channels to prevent interference from the filter. The central wavelength of FBG sometimes needs to sit on the region where no DWDM channels are located. Some routing devices [12] - [15] consist of the N × N cyclic AWG and multiple tunable FBGs to arrange the central wavelength of the FBG at the free spectral range (FSR) so as to prevent interference from the filter. Moreover, these routing devices allow white spectra input to deal with more than the configuration of N DWDM channels.
Current routing devices based on either AWG or FBG can realize only one ROADM or OXC to deal with the DWDM channel configuration. Using one N × N cyclic AWG, the AWG-based routing device only allows to process less than N wavelength channels in one 2 × 2 OXC function. In this paper, there are N /2 2 × 2 OXCs realized based on only one pairs of N × N cyclic AWGs to configure over N wavelength channels. The configured wavelength channels can be flexibly extended through installing more tunable FBGs at the corresponding position. Therefore, the proposed routing device costs little and offers more flexible scalability in a dynamic DWDM network. Two OXCs based on a pair of cyclic 8 × 8 AWGs are demonstrated to verify the feasibility of the routing device. As expected, the proposed routing device could not only deal with the extended DWDM channels configuration but could also implement N /2 2 × 2 OXCs by using only one pair of N × N cyclic AWGs. This paper is organized as follows. Section 2 illustrates the function of the AWG. Section 3 describes the architecture of the proposed routing device in detail. The experimental setup and results are described in Section 4. Section 5 concludes this paper.
The Properties of N × N Cyclic AWG
An N × N cyclic AWG can be either a demultiplexer or a multiplexer. There are N pairs of ports (that is, L1/R1, L2/R2, . . . , LN/RN) for the N × N cyclic AWG, as shown in Fig. 1 . When the DWDM channels (λ 1 , λ 2 , . . . , λ N ) input into the port L1, the AWG is used to implement the demultiplexing to Apart from serving as demultiplexer, the AWG can also be used as a multiplexer. When the DWDM channels (λ 1 , λ 2 , . . . , λ N ) input in ports (L1, L2, . . . , LN), respectively, the AWG couples all the DWDM channels into port R1. The multiplexer of AWG also follows Eq. (1) to route the DWDM channels into the corresponding ports. Moreover, the N × N cyclic AWG can demultiplex and multiplex the DWDM channels that are outside DWDM channels (λ 1 , λ 2 , . . . , λ N ) due to its cyclic property. Inputting a broadband light source into port L1 results in the appearance of the DWDM channels (. . . , λ −N +1 , λ 1 , λ N +1 , . . .) at port R1; the right port with number r appears in the DWDM channels (. . . , λ −N +r , λ r , λ N +r , . . .). Table 1 shows the routing rule of the N × N cyclic AWG. The relationship between the left and right ports for the DWDM channel number is modified as
where n is arbitrary integer number. Using the routing rule of N × N cyclic AWG, N /2 2 × 2 OXCs can be constructed to configure over N DWDM channels in the dynamic network.
Design N /2 2 × 2 OXCs Based on N × N Cyclic AWGs
The proposed routing device is based on a pair of N × N cyclic AWGs to realize N /2 2 × 2 OXCs, as shown in Fig. 2 . It consists of a pair of N × N cyclic AWGs, N 3-port optical circulators (OCs) and multiple tunable FBG arrays. Every two ports of the N × N cyclic AWG are connected to an OC whose other ports are either input or output ports. All the ports of the other sides of the two N × N cyclic AWGs are placed in turn in the tunable FBG array to connect with each other. The initial central wavelengths (i.e., without the tunable ones) of the tunable FBG array could be either
. . so that the bandwidth between any two adjunct central wavelengths of FBGs is set to a two channel spacing which is the spectrum tuned range for the single FBG filter. This channel spacing is applied to assist the configuration of the DWDM channels to the desired port. When the DWDM channels (λ 1 , λ 2 , . . . , λ N ) travel to ports L11 and R21 only (refer to red color in Fig. 2 ), the AWG is set to demultiplex the DWDM channels (λ 1 , λ 2 , . . . , λ N ) into ports (R11, R12, . . . , R1N) and (L21, L22, . . . , L2N), respectively. Apart from the demultiplexing DWDM channels, no DWDM channels emerge from ports (R11, R12, . . . , R1N) and (L21, L22, . . . , L2N). Therefore, the tunable FBGs with central wavelengths (λ 1 , λ 2 , . . . , λ N ) are installed between ports (R11, R12, . . . , R1N) and (L21, L22, . . . , L2N) to play a switch role. Without tuning the FBGs, the DWDM channels are reflected back to ports L11 and R12 and routed to Out12 and Out11 by the OC, which exchanges the DWDM channels. When the FBGs are tuned away from the DWDM channels, the DWDM channels pass through the tunable FBG array. The other AWG is there to implement multiplexing and couple the DWDM channels (λ 1 , λ 2 , . . . , λ N ) from ports (L21, L22, . . . , L2N) and (R11, R12, . . . , R1N) into ports R21 and L11, respectively. The DWDM channels (λ 1 , λ 2 , . . . , λ N ) from the ports In11 and In12, therefore, can exchange or pass through at the ports Out11 or Out12 by using tunable FBGs.
However, the proposed routing device allows a number of DWDM channels that is greater than N , e.g., permitting DWDM channels (λ nN +1 , λ nN +2 , . . . , λ nN +N ) to input simultaneously, where n is an arbitrary integer. The DWDM channels (λ nN +1 , λ nN +2 , . . . , λ nN +N ) coming from ports L11 and R21 are also demultiplexed into ports (R11, R12, . . . , R1N) and (L21, L22, . . . , L2N), in turn. According to the routing rule of N × N cyclic AWG, an interesting characteristic is that the bandwidth between two adjacent DWDM channels is N channel spacings (called the free spectral range, FSR) at ports (R11, R12, . . . , R1N) and (L21, L22, . . . , L2N). The corresponding FBGs with central wavelengths (λ nN +1 , λ nN +2 , . . . , λ nN +N ) , therefore, are placed between ports (R11, R12, . . . , R1N) and (L21, L22, . . . , L2N) to reflect the signals, which means that they exchange the signals from ports In11 and In12 into ports Out12 and Out11. Otherwise, the central wavelengths of FBGs are tuned at the FSR to make the DWDM channels pass through into the Out11 and Out12. One of the 2 × 2 OXCs is now constructed to configure the DWDM channels into either port Out11 or Out12 by using only ports L11 and R21 [15] .
In order to realize more 2 × 2 OXCs based on one pair of N × N cyclic AWGs, some of the ports (L11, L12, . . . , L1N) and (R21, R22, . . . , R2N) must simultaneously be used as input and output ports. Since all ports (L11, L12, . . . , L1N) and (R21, R22, . . . , R2N) in sequence receive the DWDM channels (λ nN +1 , λ nN +2 , . . . , λ nN +N ) , in turn, the DWDM channels are multiplexed into ports R12 and L21 by AWGs, as shown in Fig. 1 . Some of these coupled DWDM channels (λ nN +1 , λ nN +2 , . . . , λ nN +N ) must be reflected back because the central wavelengths of FBGs are the same as some spectra of these DWDM channels. There are no available bandwidths to allocate the FBG filter spectra to pass through the DWDM channels. The FBG would lose its switching role if all (L11, L12, . . . , L1N) and (R21, R22, . . . , R2N) ports were used to input the DWDM channels. In order to let the tunable FBGs be the switch (reflecting back or making a pathway through), bandwidth of at least a two-channel spacing must be reserved between two adjacent DWDM channels. Inputting the DWDM channels (λ nN +1 , λ nN +2 , . . . , λ nN +N ) into the (L11, L13, L15, . . . , L1(N-1)) and (R21, R23, R25, . . . , R2 (N-1) ) results in the appearance of DWDM channels interleaving at ports (R11, R12, . . . , R1N) and (L21, L22, . . . , L2N). The bandwidth between two adjacent DWDM channels now is a series of two-channel spacings that can be used to allocate the FBG filter spectrum to avoid reflecting some DWDM channels back.
The DWDM channels (λ nN +1 , λ nN +2 , . . . , λ nN +N ) from port L11 are demultiplexed into all the ports (R11, . . . , R1N) in turn. However, inputting the same DWDM channels into port L13 causes the (λ nN +3 , λ nN +4 , . . . , λ nN +N , λ nN +1 , λ nN +2 ) sequentially at the ports (R11, . . . , R1N) . Similarly, ports (R11, . . . , R1N) receive DWDM channels (λ nN +(2k−1) , λ nN +2k , . . . , λ nN +N , λ nN +1 , . . . , λ nN +(2k−2) ) when the DWDM channels (λ nN +1 , λ nN +2 , . . . , λ nN +N ) come from port L1(2k − 1), where k is an integer from 1 to N /2. Regarding all the ports (L1, L13, L15, . . . , L1(N-1)) as input ports, all the ports (R11, R13, R15 . . . , R1 (N-1) ) have the same DWDM channels (λ nN +1 , λ nN +3 , λ nN +5 , . . . , λ nN +N −1 ) that come from ports (L1, L13, L15, . . . , L1 (N-1) ) while all the same DWDM channels (λ nN +2 , λ nN +4 , λ nN +6 , . . . , λ nN +N ) appear at ports (R12, R14, R16, . . . , R1N ). There are no DWDM channels with the same wavelength demultiplexed into the same port to interfere with each other. Appropriately arranging the corresponding tunable FBGs can realize N /2 2 × 2 OXCs based on one pair of cyclic N × N AWGs. Fig. 2 shows that tunable FBGs colored red, green or blue are employed to configure all the DWDM channels for the first OXC, second OXC and N /2-th OXC, respectively. Therefore, the wavelength channels from ports In11 and In12 can be configured from the red tunable FBGs into either port Out11 or Out12. The wavelength channels from ports In31 and In32 can be configured from green tunable FBGs into either port Out31 or Out32. The other OXCs use the same scheme to configure the DWDM channels.
Each branch between two AWGs shown in Fig. 2 can accommodate channels either (λ nN +1 , λ nN +3 , λ nN +5 , , . . . , λ nN +N −1 ) or (λ nN +2 , λ nN +4 , λ nN +6 , , . . . , λ nN +N ) where n is an arbitrary integer number. When one of the branches like the branch between R13 and L23 configures the channels (λ nN +1 , λ nN +3 , λ nN +5 , , . . . , λ nN +N −1 ) by using the tunable FBGs, the next branch (that is, the branch between R14 and L24) can process the channels (λ nN +2 , λ nN +4 , λ nN +6 , , . . . , λ nN +N ) that come from the ports L11, L13, . . . L1(N − 1). Notice that the channels λ nN +3 , and λ nN +4 in this case (red color) are from the port In11 or In12 while the channels λ nN +5 , and λ nN +6 (green color) are from the port In31 or In32. There are no any identical wavelength channels in the same branch so that the homodyne crosstalk is only related to the reflectively of FBG. When all the components are ideal, all ITU channels (involve the S-band, C-band and L-band) could be configured by using the proposed routing device.
Experiment and Results
An experiment demonstrates whether the proposed routing device, based on one pair of N × N AWGs, can realize N /2 OXCs. Fig. 3 shows the experimental configuration of the routing device that consists of two 8 × 8 AWGs, four three-port OCs, and two groups of FBGs. The passband widths of the 8 × 8 cyclic AWGs and tunable FBGs are 0.8 nm and 0.2 nm, respectively, used in the experiment. The FBG group is composed of four tunable FBGs with wavelengths of 1544.962 nm, 1546.603 nm, 1548.202 nm and 1553.035 nm corresponding to channels 1, 3, 5, and 11 of the input DWDM channels, respectively. The two OXCs are demonstrated with ports L11, L13, R21 and R23 as input and output ports. According to the routing rule of AWG, in the experiment the tunable FBGs were placed at the corresponding port pairs (R1i, L2i) of the AWGs, that is, the tunable FBGs (λ 1 ), (λ 3 , λ 11 ), (λ 5 ) were placed at the port pairs (R11, L21), (R13, L23), (R15, L25) for the first OXC, as shown in Fig. 3 . The second OXC with the tunable FBGs (λ 1 ), (λ 3 , λ 11 ), (λ 5 ) were arranged at the port pairs (R17, L27), (R11, L21), (R13, L23), respectively. The other port pairs without inserting the tunable FBGs were connected directly with each other.
The experiment used 16 laser sources. They correspond to 1544.980 nm to 1557.089 nm with an 0.8-nm channel spacing. Sixteen channels from the laser sources were coupled together using a 64 × 1 AWG to input the two OXCs. The coupled 16 channels were input a Mach-Zehnder modulator (LiNbO 3 -MZM), amplitude-shift keyed (ASK), to simultaneously modulate 16 DWDM signals through a pulse pattern generator (PPG) with 11.43 Gbit/s, 2 15 − 1 pseudorandom binary sequence (PRBS) data in NRZ format for the dynamic performance measurement. An erbium-doped fiber amplifier (EDFA) was employed to amplify the modulated DWDM channels. The modulated channels after the routing device were demultiplexed by another 1 × 64 AWG. Finally, an optical attenuator was used to adjust the incident optical power in the receiver that would implement a specific channel measurement. All the dynamic blocks shown in Fig. 3 were removed during making the static experiment. But the static block cuts the connection when the dynamic experiment was demonstrated.
The 16 laser sources were adjusted to be the same power at the output of 64 × 1 AWG, as shown in Fig. 4 . Such a signal is split twice to input into ports In11, In12, In31 and In32 so as to perform the static analysis. Without any channel configuration, all channels pass through the routing device to output ports Out11, Out12, Out31 and Out32, in turn. Fig. 4 shows that the 16 channels suffer different levels of insertion loss at ports Out11, Out12, Out31 and Out32. In the proposed routing device, every wavelength channel travels the N × N cyclic AWG and OC twice to implement the demultiplexing and multiplexing. The demultiplexing channel would be reflected from or pass through the serial tunable FBGs once. Since the insertion of the serial tunable FBGs is small, the major insertion losses of the proposed routing device are from the AWGs and OCs, irrespective of the number of FBGs and OCs. The insertion loss of the OC is about 0.7dB. However, the insertion losses of the 8 × 8 AWGs are wavelength-dependent from 6 to 10 dB, with the result that the output ports cannot receive the uniform channel spectra.
The tunable FBG serves as a switch to reflect back or make the DWDM channels pass through into one or other the output ports. The switching speed of the proposed routing device depends on the tuning speed of FBG. In this paper, we applied thermoelectric cooler to control the temperature to tune the FBG spectrum in a few of seconds. However, the tuning speed can be accelerated by using piezoelectric stack actuators [16] in a few of millisecond. There are four channels configured to evaluate the crosstalk at the output ports. Tuning the FBGs to wavelengths λ 1 , λ 3 , λ 5 and λ 11 would reflect back channels λ 1 , λ 3 , λ 5 and λ 11 for an exchange of their routes. Therefore, the output ports always retain 16 channels coming from either of the two different input ports, as shown in Fig. 5 . Since the FBGs cannot be 100% reflective with a rectangle, the reflected channels transmit some power through the FBGs to the other output port. Such a power of leakage leads to homodyne crosstalk. Fig. 5(a) shows the homodyne crosstalk is about 28.3 dB, 25.2 dB, 33.21 dB and 26.44 dB for the configured channels at output port out11. Note that the major signals of the configured channels come from port In12. The original signals from port In11 become the homodyne crosstalk at port out11 for the configured channels.
The other output port, out12, of the first OXC receives the homodyne crosstalk 31.53 dB, 27.39 dB, 28.96 dB and 27.89 dB, as shown in Fig. 5(b) . The second OXC also configures the same DWDM channels to verify the feasibility of multiplex OXCs realization based on one pair of N × N AWGs. Fig. 5(c) and (d) show the homodyne crosstalk of the configured channels for the second OXC. We see that the channel signals from the four input ports can be separated according to the routing rule of N × N AWG without interference from wavelength channel overlapping. Since the reflective spectrum of FBG can be tuned to the FSR of the N × N cyclic AWG, the wavelength channels can pass through the FBG array without any interferences from the FBG reflective spectrum. The tunable FBG serves as a switch to reflect back or make the DWDM channels pass through into either output ports. Therefore, the homodyne crosstalk of the proposed routing device is contributed from the FBG performance which can be realize to approach 30 dB reflectivity to meet optical fiber communication requirement.
The DWDM channels must be modulated to carry the message from the source to the destination nodes. Such a modulated message could be damaged during transmission. A dynamic experiment based on ASK modulation was carried out to estimate the bit-error-rate (BER) of the proposed routing device. The B2B ASK1 and B2B ASK2 shown in Figs. 6 and 7 were treated as a back-to-back case. Figs. 6(a) and 7(a) show the BERs that are measured from the channels passing through the FBGs from port In11 to port Out11 and port In31 to port Out31. The four dynamic channels suffer a power penalty from 0.2 dB to 0.7 dB without any configuration under BER = 10 −9 . When the routing device configures the dynamic channels to exchange the routes, these dynamic channels suffer homodyne crosstalk as induced by the imperfect FBG to lower the BER. Fig. 6(b) and (c) show that the four pairs of exchange channels experience a power penalty from 0.6 dB to 2.4 dB. The other four pairs of exchange channels of the second OXC incur the power penalty from 0.5 dB to 1.9 dB, as shown in Fig. 7(b) and (c). As a result, it is feasible to realize the N /2 OXCs on the basis of one pair of N × N AWGs with the multiple tunable FBGs.
Conclusion
A routing device with N /2 OXCs based on one pair of N × N cyclic AWGs and tunable FBGs is proposed in this paper to configure the DWDM channel. There are N DWDM channel spacings (i.e., FSRs) at each pair of ports of the cyclic N × N AWGs. Such an FSR can be allocated to accommodate other DWDM channels that run from other input ports of the AWG. Using only every two ports of the AWG leads to intervals with two DWDM channel spacings at each output port. The central wavelength of FBG can sit in this interval to make the DWDM channel pass directly into output without any DWDM channels interfering. However, tuning the central wavelength of FBG corresponding to one of the DWDM channels compels a pair of DWDM channels to exchange their routes in the OXC. Two OXCs based on a pair of 8 × 8 cyclic AWGs are demonstrated to verify the proposed routing device. As expected, the four pairs of DWDM channels can be successfully configured to exchange their routes at the two OXCs.
